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A. Thixomolding® is a commercial semi-solid process for injection molding Mg alloys [1]. The 
principle of the process is illustrated in Figure 1 - being analogous to plastic injection molding; 
but with higher temperature and faster shot velocity. More than 480 machines (Figure 2) have 
been commissioned by Japan Steel Works (JSW) for this global business in 13 countries. These 
machines range in clamp tonnages from 100 to 1600 tons and shot cycles from 10 to 45 seconds 
to mold net-shape parts ready for coating. This commercialization by Thixomat, Inc. and its 
licensees was built on the foundation of the basic discoveries on semi-solid metals by Professor 
Merton Flemings and students David Spencer and Robert Mehrabian at MIT [2] and further 
adaption to Mg by basic patents of  Robert Busk, Norbert Bradley, Regan Wieland, William 
Schafer and Allen Niemi of Dow Chemical Company [3]. 

 

                     

 
                                 
 
 

Figure 1. Schematic of Thixomolding® Machine 
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B. Proven Advantages of Thixomolding. In the 25 year commercial experience with this 
process, the following advantages over conventional casting have been verified: 

a. The most important is environmental friendliness, with no open foundry, no SF6 gas, no 
sludge or dross - with worker comfort and safety 

b. Also of primary importance is net shaping of complex parts requiring little, if any, 
machining, consolidating several parts into one 

c. Tight dimensional control 
d. Long die life, due to 80°C cooler metal temperatures than die casting 
e. Fast freezing/cooling rates of  > 100°C/s for molded parts 
f. Low porosity, fine grain size and reduced eutectic size 
g. Higher ductility and fatigue strength 
h. Higher process yield, less scrap 
i. Flexibility in part design, down to 0.7 mm thickness 
j. A contained and “mobile foundry”– a Thixomolding machine can be moved quickly to 

new site. 
  
C. History of Commercial Development of Thixomolding. The electronic and communication 
(E/C) applications in Japan drove the early business in the 1990’s – as in lap-top computers, 
cameras, projectors and cell phones.  Following the recent intensive mode of globalization, much 
of this Thixomolding of E/C parts has moved to Taiwan, and now, China.   In the US, machine 
and hand tool parts, auto parts and sports equipment parts have supplemented the Thixomolding 
business in E/C parts.   Table 1 summarizes many applications of this technology. 
 

Figure 2.  850 metric  ton JSW Thixomolding®  Machine 
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Table 1. Applications of Thixomolding 
Auto               Electronic/Communication             Sporting Goods 
Seat Backs   Lap-top Computers   Sun Glasses 
Steering Column Brackets Cell Phones    Gun Scopes 
Mirror Parts & Brackets Digital Projectors             Fishing Reels 
Lazy Susan Bins  Digital Cameras   Snow Board Clamps  
Foldable Car Tops  Cam Corders    Motorcycle Wheels 
Windshield Wiper Boxes TV Surrounds    Go-Cycle Bicycle 
Lift Gate Mechanisms  Walkman    LED Maglite 
Cup Holders   “Dog Tag” MP3 Player            Hand Held Tools 
Brackets for Trucks  Defense Detectors   Drills 
Child Safety Seats  Radar Detectors   Saws 
LED Light Frames  Check Sorters    Chain Saws 
Transmission Boxes            Hand-held Readers   Nailers 
  
Of these, seat backs (Figure 3) and TV surrounds (Figure 4) represent large part capabilities.  
Lightweighting has been the dominant incentive for use of Mg parts. Mg stiffness/rigidity, 
EMI/RFI shielding, thermal conductivity and damping compare favorably to plastics in 
electronic/communication applications. On a strength/density basis, Mg compares favorably with 
Al and steel; but also in bending, torsion and denting.   

                                      

             

 

 

 

 

 

Figure 3. Thixomolded 
Lexus seat back, 
730 mm X 460 mm. 

Figure 4. Thixomolded Panasonic TV 
Surround, 736 mm X 546 mm X 190 
mm, 1.5 to 10 mm section thickness 
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The history of Thixomolding is incomplete without mention of the role of creative design of 
parts.  Thixomat and its licensees found that simple part-for-part replacement of die castings had 
benefits in properties; but encountered sales resistance. However, redesign of parts to save 
machining or to replace many parts of an assembly with one net-shape Thixomolded part was the 
route to success and lower costs in the market place.  For example, a 50 to 1 reduction in 
subassemblies was accomplished in an electronic check-sorting part.  Likewise a 22 to 1 
reduction in subassemblies of steel parts was gained in the Buell Firebolt motorcycle fairing seen 
in Figure 5, affording a 40% weight saving and a cost reduction. 

 

 

 

  

D. Improvements in Thixomolding Machine and Process. More durable and lower cost 
machine components have improved up-time and lowered the cost of Thixomolding.  JSW 
developed steel barrels and liners to replace the original costly Ni Base Superalloy barrels and 
Co Base liners.  Research by Thixomat under NSF STTR Contract No. 0847198  and JSW [4] 
revealed that high shot velocities (> 1.5 m/s), high gate velocities (>28 m/s) and short fill times 
of about 50 ms led to better packing of parts and lower porosity and defects, as reflected in 
improved ductility and heat treatability without blistering. Modeling using the Wrafts model [5] 
revealed good semi-solid flow at 10% solids; but shorter flow at 20%.  Although parts could be 
molded with solids content as high as 50%, experimentation established that optimum 
mechanical properties were generated in the 5-15 % range of solids content. Argon cover in the 
machine proved to improve alloy flow through the barrel and reduce oxide inclusions in the 
parts.  The Thixomolding practice of frozen nozzle plugs between shots seals off the mold cavity 

Thixomolded fairing, 
one net shape 
 

Prior steel assembly  
of 22 parts 
  

Figure 5. Thixomolded fairing for Buell 
Firebolt motorcycle, dimensions of  
444 mm X  267 mm X  203 mm, weight of 
1 kg of AM60. 
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from the next-shot charge to allow vacuum evacuation of the mold, thus improving part quality 
and mechanical properties. 

Thixomat studied several process improvements under the DOE NICE3 /State of Michigan 
Project PLA–01–36 sponsorship. Pre- heating of chips in the feed hopper reduced cycle time by 
5-10 % and served to dry chips that had been subject to humid conditions.  Force feeding of 
chips in the barrel had advantages over starve feeding. Induction heating of the barrel increased 
productivity over resistance heating, albeit at some increase in energy cost/part; but opening the 
way for larger Thixomolding machines (Table II) [6]. Another approach to higher tonnage 
machines for higher throughput and larger parts is embodied in 2 barrel designs [7, 8, 9]. 

Table II. Comparison of Induction and Resistance Heating of Thixomolder Barrel, 8 hour 
run on AX91D [6] 

Variable Resistance Heating Induction Heating 
Cycle Time, seconds 33 18 
Number of Parts 873 1600 
Energy Cost/Part, Cents 2.34 2.88 

 

Ghosh, Fan and VanSchilt [9, 10] established experimentally that the thixotropic characteristics 
of AZ91D, AM60 and AM50 are obtained over an extended range of solid fractions in studies of 
the shear rate dependence of apparent viscosity for these alloys.  These Mg alloys exhibit a 
pseudoplastic rheological behavior analogous to that of the Sn-Pb alloy system..  Mg alloys 
satisfy a power law model given by: 

η = m fα solids γ–n      (Eq 1) 
where η is the apparent viscosity 

  fα solids is the solid fraction of α  
  m is a function of fα.solids 
   γ is the shear rate per sec 

  n is the power law constant 
 
A major benefit on yields and scrap reduction is afforded by adoption of long hot nozzles. Wraft 
modeling [5] at 20% solids by Thixomat and Gerald Backer, as seen in Figure 6, demonstrated 
much longer flow length and retention of shot temperature when semi-solid metal was delivered 
more directly to the runners without conventional sprues.   
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Figure 6. Temperature contour plots of Spiral Fluidity Thixomolded Mg Alloy at inlet 
temperature of 590°C (20% solids) and shot velocity of 0.8 m/s, a) with conventional sprue, 
drop of 60°C in 2 loops vs. b) with long hot nozzle and no sprue, drop of only 15°C in 3.5 
loops [5].  

In this long hot nozzle, total yields can exceed 90%, as illustrated in Figure 7 for the small plug 
catcher and runner which constitute only 5 % of the shot weight of a 1.4 kg child seat.  
Furthermore, the smaller plug and runner are clean and recyclable.   

 

 

Figure 7. Child’s safety auto seat, 1.4 kg part Thixomolded with hot long nozzle enabling 
miniature sprue and runner and 95 % metal yield, 430 mm X 380 mm X 178 mm, 2 to 5 
mm section thickness [Molded Magnesium Products, LLC]. 

a b 

Sprue and runner 
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A further study by Thixomat demonstrated that input from rechipped Thixomolded sprues, gates, 
runners, and scrapped parts resulted in mechanical properties comparable to virgin granules (see 
Table III).   Also, high quality melt- recycled Mg alloy chips are now available in commercial 
quantities. 

Table III. Comparison of Thixomolded AZ91D* from recycled scrap to that from virgin 
chips [12]. 

% Recycled Scrap YS, MPa UTS, MPa Elong, % 
100 167 254 6.1 
50 167 263 6.5 
10 162 256 7.0 
0 (virgin) 145-169 230-299 6 - 8 

   *In Mg alloys, A is aluminum content and Z is zinc content 

E. Thixoblending* [13, 14], “the paint store concept”, opens the manufacturing door for “same-
day delivery” of specialty alloys with purposeful addition of master alloys containing major and 
minor elements desired for improved properties such as corrosion and creep resistance. The 
concept of Thixoblending was proven by a series of blends of AM60 and AZ91 [15].  The 
resulting Thixoblended alloys demonstrated mechanical properties that followed the rule of 
mixtures (Table IV).  This concept reduces inventory items and costs and delivery time. 

      Table IV 
    Mechanical Properties of Thixoblended* Alloys 

Alloy Yield Strength, MPa UTS,MPa Elongation, % 
AM60 Base A 121 252 16 
AZ71 Blend (2A/1B) 131 257 12 
AZ81 Blend (1A/2B) 144 255 8 
AZ91 Base B 158 256 6 

 

F. Variety of Alloys - Although the vast majority of commercial Thixomolding production has 
been in AM60 (Mg -6Al, weight %) and AZ91D (Mg-9Al-1Zn), many other Mg alloys have 
been Thixomolded and/or Thixoblended®, as listed in Table V.   For example, AZ63 was 
formulated by mixing granules of AZ61 and AZ64 in the ratio of 1 to 2. 

Table V.  Mg alloys Thixomolded or Thixoblended and TTMP 
Alloy Composition Thixomolded Thixoblended TTMP 
AM50L Mg-5Al X  X 
AM60 Mg-6Al X  X 
AZ60L Mg-6Al X  X 
AZ61L Mg-6Al-1Zn X  X 
AZ62 Mg 6Al-2Zn X  X 
AZ63 Mg 6Al-3Zn  X X 
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AZ64 Mg 6Al-4Zn  X X 
AZ70-TH Mg-7Al X  X 
AZ71 Mg-7Al-1Zn  X  
AZ81 Mg-7Al-1Zn  X  
AZ91D Mg-9Al-1Zn X  X 
AXJ810-TH Mg-8Al-1Ca-0.3 Sr X  X 
ZA55 Mg 5Zn-5Al  X X 
ZA75 Mg-7Zn-5Al  X X 
ZA82 Mg-8Zn-2Al  X X 
ZA84 Mg-8Zn-4Al  X X 
ZA10/4 Mg-10Zn-4Al  X X 
AM-Lite Mg-12Zn-4Al X  X 
ZK60 Mg-6Zn X  X 
AXJ81E Mg-8Al-0.4Ca-1Sr-0.4RE X  X 
AJ52 Mg-5Al-2Sr X   
AJ62 Mg-6Al-2Sr X   
AJ62E Mg-6Al-2.3Sr-0.5RE X  X 
AJ72E Mg-7Al-2.6Sr-0.5 RE X  X 
AS41 Mg-4Al-2Si X   
MRI 153 Mg-9Al-0.6Zn-0.9Ca-

0.3Mn 
X   

ZAC 8506 Mg-5Al-8Zn-0.6Ca X   
AE42 Mg-4.3Al-0.3Zn-2.9RE X   
Melram Mg-6Zn-1.2Cu-0.8Mn-

12% SiC 
X   

 
G. The Predestined Thixomolded Microstructure   Due to their 80°C cooler inlet temperature 
compared to alternate casting methods, Thixomolded Mg parts cool faster at about 100°C/s.  The 
microstructural benefits are as follows (see Figures 8, 9): 

a. shorter dendrite arm spacings and fine ɑ grain size of about 5 µm 
b. finer β eutectic sizes 
c. lower volume % β eutectic (thus non-equilibrium supersaturation of Al in the ɑ matrix) 
d. uniform microstructure across part sections 
e. less microshrink 
f. freedom from frozen flakes that can be derived from shot wells of die castings. 

These factors predestine and auger well for mechanical properties as-Thixomolded plus positive 
response to Thermomechanical Processing [16]. 
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Figure 9. EBSD As Thixomolded                             Figure 10. EBSD TTMP + Anneal 
Grain Size – 5 microns      Grain Size – 2 microns 
Yield Strength – 140 MPa      Yield Strength – 250 MPa 
Fatique Strength – 70 MPa      Fatigue Strength – 150 MPa 
Toughness – 16 MPam 0.5       Toughness – 28 MPam0.5 
Texture – MRD of 1.8 max.      Texture – MRD of 3.5 max. 
(Berman)        (Berman) 
 
H. Fatigue strength. The endurance limit (at 109 cycles) of Thixomolded AZ91D was measured 
at 65-70 MPa compared to 35-40 MPa for conventional die cast AZ91D [17]. 
 
I. Corrosion.  
A comprehensive study of salt spray corrosion has been reported by Nakatsugawa [18] for standard 
corrosion test panels of AZ91D, AM60B, AE42, and AS41 prepared by Thixomolding. These were tested 
side by side with die cast panels of the same alloys prepared independently. In each alloy a reduction in 
corrosion rates of 50% or more was noted for the Thixomolded panels.  This is attributed to two factors, 
namely an Al enrichment in the surface layers due to shear thinning that results in few if any α solid 

Figure 8. Microstructure of as-Thixomolded AZ61, a) 
optical micrograph and b) electron micrograph (Berman) 

Proeutectic ɑ 

Eutectic β (Mg17Al12) 

Eutectic ɑ 
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particles in contact with the surface and a reduction in surface pinhole porosity. Further results were 
generated in a comprehensive 100 hour salt spray corrosion study (ASTM B117) by Beals (19].  The base 
compositions were AZ91D and AM60B, with variations of α solids (solids in barrel) from 0.3 to 25%.  The 
corrosion rate of bare Thixomolded AZ91D was 0.01-0.02 mg/cm2/day compared to bare die-cast AZ91D 
with 0.03 mg/cm2/day (see Table VI).  The rate on Thixomolded AM60B was also less than die cast 
samples, with increased α solid phase reducing corrosion. 

Table VI. Corrosion Resistance of Uncoated Mg Samples [19] 

  
Alloy Process % of ɑ solids Corrosion Rate, mg/cm2/day 
AZ91D Thixomolded 5.0 0.02 
AZ91D Thixomolded 25.0 0.01 
AZ91D Die Cast 0 0.03 
AM60B Thixomolded 0.3 0.08 
AM60B Thixomolded 10.0 0.06 
AM60B Thixomolded 15.0 0.05 
AM60B Die Cast 0 0.11 
 

J. Corrosion Coatings  Most all parts are coated for service, with powder coating being common. Base 
Mg plates were also coated by commercial Anomag and Keronite processes and evaluated in 240 hour salt 
exposure after scribing through the coating to a width of 1 mm [19].  Anomag anodizing requires a special 
electrolytic process, which produces a dense layer of magnesium oxides and salts both on and in the alloy.  
The thickness of the coating on the test samples was approximately 10 to 15 µm. The Keronite process 
involves the creation of a plasma discharge around the sample while immersed in an electrolyte powered 
by pulsed AC voltage.  A protective coating of spinel (MgAl2O4) is generated to a thickness of 60 to 80 
µm.  As measured for corrosion creepage, the results are tabulated in Table VII. 

Table VII. Corrosion Resistance of Coated Thixomolded Panels of AM60B & AZ91D [19]* 

Alloy % of ɑ solids Coating Corrosion Creepage Length, mm 
AZ91D 5.0 Anomag 0.0 
AZ91D 5.0 Anomag + e-coat 0.8 
AZ91D 5.0 Keronite + sol gel 0.0 
AZ91D 25.0 Anomag 0.5 
AZ91D 25.0 Anomag + e-coat 0.0 
AZ91D 25.0 Keronite + sol gel 0.0 
AM60B 10.0 Anomag 5.8 
AM60B 10.0 Anomag + e-coat 0.0 
AM60B 10.0 Keronite + sol gel 2.5 
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AM60B 15.0 Anomag 3.5 
AM60B 15.0 Anomag + e-coat 0.0 
AM60B 15.0 Keronite + sol gel 1.8 

*Tested for 240 hours in salt spray with scribe of 1 mm width through coating to base metal. 

K. Decorative Plating  Attractive decorative electroplating by Cu/Ni/Cr has been reduced to 
commercial practice by Franz and Arlington Plating Co [20, 21].  The absence of porosity on 
molded or polished Thixomolded surfaces made for superior electroplating and eliminated the 
need for mechanical reworking. 

L. Process Stability/Repeatability  Thixomolding is characterized by a very low shot-to-shot 
temperature variation of about ± 2oC due to the relative thermal masses of the barrel of the 
Thixomolding machine and the size or volume of the thixotropic shot [22].  Consistency and 
repeatability are requisites of high rate manufacturing processes.  In metal casting operations, 
significant shot-to-shot variations result from the inherent inaccuracies of manual and robotic 
ladlers, as well as pressure delivery systems.  These can result in excessive part-to-part weight 
variations, excessive die flash, and melt losses effecting both economy and quality.  With proper 
system calibration and knowledge of the bulk density of particulate feed stock, Thixomolding 
emulates injection molding of plastics in shot-to-shot repeatability.    Data   was obtained during 
the production of more than 500,000 gear case housings.  Weighing approximately 93 grams, a 
weight variation of less than ± 0.2 grams was determined for trimmed parts.  Unusually tight 
dimensional tolerances, discussed in a later section, further demonstrated the overall stability of 
this process. 

M. Improved Tolerances  The process demonstrates unusually tight control and repeatability of 
design tolerances.  Coordinate measurement studies of a variety of commercial products 
demonstrated that tolerances can be held to 25% or less of the North American Die Casting 
Association precision tolerances for die cast Mg [23].  Furthermore, the tolerance variation 
within high volume manufacturing lots is found to be significantly more narrow than die cast Mg 
or injection molded resin equivalent parts. This feature has led to significant high volume 
commercial application in the production of  components for digital mirror and liquid crystal 
display digital projection systems made by Texas Instruments and Sony Corporation. 

An almost twofold improvement in flatness of large surface area components owes to the 
reduction of residual thermal stresses in molded components.  This is attributed to the above 
mentioned low molding temperatures.  Die surface temperatures are controlled to similar levels 
by oil heaters with extraction at comparable temperatures.  The additional temperature of die 
casting not only results in higher residual stresses but also contributes to shorter die life.  
Commercial products for several OEM’s rely on the ability of Thixomolding to eliminate 
secondary machining to achieve design flatness tolerances.  For example, one large part  is a 36 
inch diagonal Panasonic television enclosure molded in 3 snap together components that require 
no straightening and must meet stringent cosmetic surface requirements.  
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Three case studies involving coordinate measurement machine analyses have been 
carried out on Thixomolded parts.  These studies ascertained dimensional tolerance ranges and 
reproducibility as contrasted with the NADCA Standards and with the same parts produced by 
die casting. 

Example 1 is a clutch plate housing, originally made by hot chamber die casting.  The 
study consisted of measurements made on fifty parts randomly selected from three separate 
machine operations and a total of about 450 pieces with cold start-up and shut down of the 
machine each day.   The results of coordinate measurements made of the center-to-center cored 
hole parts on three different diagonals, two each at the two and ten o’clock positions where the 
nominal specification was 11.500 in. and one at the horizontal axis with a nominal specification 
of 10.800 in..  The three sets of 50 measurements each utilized only 25% of the range allowed by 
the precision die casting standards. 

The second example is an oil pump housing.  A random sample of fifty parts was selected 
from a prototype run of more than 1300 pieces.  This study conducted by the client automotive 
OEM, compared the Thixomolded parts with identical parts produced by three of its die casting 
suppliers.  Measurements compared center to center hole dimensions on cored hole pairs, 
shrinkage and mechanical properties.  The results of the standard deviation in measurements for 
core holes of Thixomolded parts were 28% of the die cast parts.  Shrinkage was reported to be 
56% of the diecast parts with significantly less variability shown by a seven times reduction in 
the standard deviations in shrinkage.  Mechanical properties determined on samples taken from 
parts showed substantial improvements, exceeding ASTM specifications for AZ91D and 
corresponding closely to values obtained from conventional tensile bars. 

The third example  is the gear housing referred to earlier in the shot-to-shot repeatability 
discussion.  The critical dimensions of concern in this production run of more than 500,000 parts 
were the two cored holes in the center of the part, one of which accepts a pressed-in steel 
bushing for the motor drive shaft.  The specified dimensional tolerance on these holes was 
±0.00079 in. with a nominal ID of 0.43386 in.  The measured range on 100 pieces fell well 
within standard and specified customer’s tolerance requirements.  The two holes yielded 
±0.00062 in. and ±0.00043 in. versus NADCA precision range of ±0.0020 in.. 

N. Shrinkage  Earlier publications have attributed improved integrity of semi-solid castings to 
lower solidification shrinkage of these alloys [24], with individual reports of reductions in 
shrinkage of as much as 50% [25].  It is important to distinguish between volumetric shrinkage, 
which is a result of the much lower density of the liquid state as compared to the solid state and 
pattern shrinkage.  The reported density of liquid Mg is 1.59 gm/cc at its melting point contrasted 
with 1.74 gm/cc for the solid.  Clearly the presence of solids during the casting process will 
reduce the volumetric shrinkage in direct proportion to the solid fraction. 

The principal contributions to pattern shrinkage are the temperature differentials 
experienced by the metal from the point of essentially complete solidification and that of the tool 
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steel die and its growth due to the steady state operating temperature established on coming into 
pseudo equilibrium with the injected metal temperature and the relative thermal expansion 
coefficients of the Mg and tool steel.  Accordingly, since the coefficient for Mg, 26 x 10-6/o C, is 
essentially double that of tool steels, a difference in process temperatures of 80oC between 
Thixomolding and die casting would account for a reduction in shrinkage of about 0.0010 in/in.  
A systematic investigation of shrinkage that might be attributable to changes in solid fraction 
suggests, within the limits of measurement accuracy, that observed changes of less than 0.0005 
in/in are also attributable to differences in injection temperature stabilization.  Thus, the 
conservative guideline is to reduce the nominal recommendation for die casting, 0.0065 to 0.007 
in/in, by .001 in/in per 80oC temperature difference.  Similarly a 1 percent draft is recommended 
for side walls and cored holes, although several industrial components are currently being 
produced with zero draft.  For example cored bores one inch long with 3 inch ID were made on a 
production basis in an automotive shift cam. 

O. Flatness Distortion  The principal contribution to distortion and flatness deviation is residual 
stress due mainly to thermal effects.  Flatness tolerances called out in the NADCA standards 
have been evaluated by coordinate measurement studies on two different parts.  The first of 
these, a clutch plate housing, was found to be within 50% of the standard range exhibiting a 
consistent deviation from flat of 0 .01 inch versus an allowance of 0.03 inch.  This was a 
significant improvement over the original die cast production parts, which all required 
straightening or flattening as a secondary operation to meet the customer’s requirements. 

A further study was carried out on commercially produced electrical housing.  A random 
sample of 100 pieces was studied and analyzed statistically with the results shown in the 
measurement distribution display.  The results are very satisfying with all 100 of the parts falling 
below 50% of NADCA’s 0.02 inch precision flatness tolerance for an 11 inch span.  The average 
deviation was 0.0043 inch with a maximum of 0 .008 inch corresponding to an 8 sigma criteria. 

P. Permeability  Often  cast components require impermeability to leakage when used in gas 
pressurization and/or fluid containment applications.  When thin wall designs are required, there 
is little choice but to resort to resin impregnation of the finished casting.  This expensive 
secondary operation further requires redundant re-testing to ensure the specified quality.  
Particularly demanding applications may obviate the use of die casting altogether and require 
machining from solid forged preforms.  The reduced porosity inherent in Thixomolded parts and 
the absence of continuous porosity has been demonstrated to be a further benefit of this process.   

Q. Friction Stir Welding  Thixomolded Mg alloy plates were joined by friction stir welding 
[26, 27].  The weld joints were found to be as strong or stronger than the base plate, making for 
an energy efficient, environmentally attractive manufacturing assembly route.  Starting with 3 
and 18% α solids in AM60, friction stir welding generated a uniform fine recrystallized grain size 
in the weld zone. 

R. Thermomechanical Processing, labled TTMP, can be applied to Thixomolded  preforms to 
accomplish the following [16 , 28-36] (Figures 9, 10):  
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a.  dynamic recrystallization (DRX) on a microstructural scale to micron-sized grains. There 
is a memory effect in such DRX. With a given strain, the finer the starting grain size, the 
finer the final TTMP grain size. Particle stimulated nucleation (PSN) at eutectic particles is a 
key factor  
b. avoidance of twinning and its nucleation of coarse shear bands which are encountered in 
large grain commercial alloys; bands leading to hot cracking.  Thus, TTMP can be applied 
with large strains such as 50% in one warm pass without hot cracking 
c. strain aging during deformation, precipitating the supersaturated Al as fine β dispersoids 
d. sub-division of eutectic β into finer particles for improved strength and ductility. 

 
Heat treatment can then be added for the following benefits: 

a. completion of static recrystallization to attain > 90 % fine grains of about 2 µm 
b. minimization of textures to improve formability.  Fine grain size along with eutectic phase 
particles afford a less expensive path to low textures than Rare Earth additions  
c. activation of prismatic slip to supplement basal slip and to improve ductility and 
formability 
d. tensile yield strength, fatigue strength and fracture toughness are increased (Figures 9, 
10).  

 
Thus, Thixomolded preforms can be warm formed and heat treated without blistering. TTMP 
heals the minor microshrink.  An additional 3 volume % of nanometer size β is precipitated 
within the grains (see Figure 11).  These refined and precipitated β particles can a) provide drag 
on grain boundaries to inhibit grain growth to retain Hall-Petch strengthening, b) provide 
dispersion hardening (Orowan strengthening) and c) enable moderation of textures. Annealing 
and aging steps can be applied after TTMP in order to optimize the combination of strength, 
toughness, fatigue strength and texture (formability) [16]. 

R.1. Opportunities for Aging Reactions. The coarse β eutectic phases of about 10 µm found in 
the Thixomolded state are subdivided by TMP to a mean diameter of <400 nanometers and 
additional β phase is precipitated during that step – wherein very fine needle-like and spherical 
forms are seen in the TTMP and material annealed at 255°C.  Thus nano-dispersions of 
intermetallics are generated to amplify the grain refinement (Hall-Petch) hardening - by Orowan 
hardening wherein hardness increases with volume % β and decrease of interparticle distance of 
β.  Some of the nanometer β particles are revealed in Figure 11. 
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Figure 11.  Transmission electron micrograph revealing fine β particles of 30 to 300 nm 
diameter and interactions with dislocations found in TTMP AZ Mg alloys [37]. 
 
R.2. Tensile Properties of TTMP Mg Alloys by Warm Rolling. The mechanical properties of 
Thixomolded and TTMP AM60 are listed in TablesVIII and IX. Yield strength is more than 
doubled by TTMP - to exceed 300 MPa, without significant loss of ductility.  TTMP 
strengthening relies on grain refinement by the Hall-Petch relationship [33]: 

σTTMP = σ0 + 9.4 MPa x d-1/2, where σ is strength and d is grain size in mm.  (Eq. 2) 

Annealing treatments at 285°C complete recrystallization to more than 90% while lowering the 
strength and retaining excellent ductility; also moderating the texture from 4.8 to 3.5 MRD. The 
TTMP shifting of deformation from basal slip to prismatic slip fosters the improved ductility and 
formability as a less costly remedy than RE additions to Mg alloys [34, 36].   

Table VIII. Effect of TTMP (1 pass of 50% reduction) and Short Anneal on AM60  

Condition YS, MPa UTS, MPa Elong., % 
As-Thixomolded 135 240 10 
TTMP 316 368 10 
TTMP+3min./250°C 328 371 10 
TTMP+10min./250°C 323 364 9 
TTMP+20min./250°C 319 358 10 

 
Table IX. Effect of Processing on Properties of AM60 (Cross rolled - test direction is in 
relation to last deformation direction of sheet) 

Condition Test Direction [°] YS [MPa] UTS [MPa] Elong.[%] 

As Thixomolded (T) 0,45,90 135 240 10 

TTMP 0 305 323 13 
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R.3. Evolution of Texture and Formability with TTMP.  With its fine grain size and 
promotion of non-basal slip, TTMP improves cold formability (stretch ability) in deep drawing 
as estimated by Langford r values. The low textures of 4.3 MRD for TTMP and 2.4-3.5 MRD for 
annealed TTMP are harbingers of low Langford r and ∆r values found in TTMP AZ61 , making 
for improved stretch ability and less earing during room temperature forming than with 
commercial AZ31 sheet of r = 3 and ∆r of 0.3 [28, 34] (see Table X]. Erichsen Values of 6-7 
mm are predicted. 
 

Table X. MRD and Langford Values for TTMP AZ61 and AZ31 Sheet [34] 
Condition Texture, MRD  r (Stretching) ∆r (Earing) 

TTMP 4.8 1.44  
TTMP +Annealed 3.5 1.12 0.18 
AZ31 8-10 3 0.3 

 
Indeed, the effect is broad-based in alloy composition - annealing increased room temperature 
bendability of TTMP AM60 and AZ61L as well as Thixoblended/TTMP AZ6-1.5, AZ62, AZ63, 
AZ64, AZ55, ZA 65 and ZA 75. 
 
As to warm formability, a cup test is shown in Figure 12. 

                                    
Figure 12. TTMP AZ61L sheet (1 mm thick), formed at 300°C at 0.5 in/min. 

 
Additional warm forming tests were performed by the NSF IU-CRC-CPF Center at Ohio State 
University [38], comparing TTMP Mg alloy AZ61L to Al alloy 5182 (see Tables XI and XII). 
 

Table XI. Comparison of Al and TTMP Mg AZ61 in GM Liquid Bulge Test at 255°C 
 

TTMP 45 302 324 14 

TTMP 90 306 325 15 

TTMP+10min./285°C 0 266 304 15 

TTMP+10min./285°C 45 262 302 15 

TTMP+10min./285°C 90 263 301 15 
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Alloy Bulge Height,mm   Pressure Needed, MPa   Time Needed, seconds 

Al-5182 22 4.0 8 
TTMP Mg AZ61L 18 2.2 4 

 
Table XII. Comparison of Al and TTMP Mg AZ61 in ITC Gas Bulge Test 

 
Alloy Temperature [°C] Stress at 0.05 Strain [MPa] 
Al-5182 200 280 
Al-5182 250 245 
Al-5182 300 190 
   
TTMP Mg AZ61L 200 280 
TTMP Mg AZ61L 250 175 
TTMP Mg AZ61L 300 150 

 

Comparing the Al and Mg results, the required pressures and times at 255°C are lower for TTMP 
Mg (Table XI).  At 250 and 300 °C, the required stress to reach 0.05 strain is lower for the 
TTMP Mg stock (Table XII).  Thus, warm forming and superplastic forming should be faster 
and at lower stresses.  This should speed production and afford smaller presses at lower capital 
cost.   These warm forming studies auger well for warm pressing and forging of 3D 
Thixomolded preforms for high performance applications.  

R.4.  TTMP by Pressing/Forging – Warm pressing was applied as a means to impart 
thermomechanical energy to fine grained Thixomolded stock to refine the grain size and to 
increase strength.  Using the recently developed Thixomolding alloy, AZ70-TH, Thixomolded 
plates were heated to 300°C in the Thixomat hot press and pressed various % reductions as 
shown in Table XIII. 

 
Table XIII. Tensile Results from TTMP Pressing Study of AZ70-TH 

% Reduction YS, MPa UTS, MPa Elong. % 
0 140 273 15 
11 172 305 16 
23 214 312 12 
41 248 401 16 
56 248 344 10 

 
Yield strengths of 248 MPa, with elongations of 10-16 % were attained by press reductions of 
more than 40%.   Thus it was conceived to Thixomold near-net 3D shapes and then apply one-
step hot pressing or forging to final net shapes of superior mechanical properties. Such 
deformation might be applied locally on part sections that require high tensile and fatigue 
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strengths. A prototype Thixomolded/forged auto wheel is illustrated in Figure 13 [39]. Costs, 
heating energy and time could be saved by local deformation immediately after injection and 
solidification in a Thixomolding, Pressing, Athermal Aging cell.  

 

Figure 13. Mazda Motor Co Thixomolded and forged auto wheel, perform Thixomolded in 
650 metric ton machine with induction heated barrel, section thickness up to 16 mm [39]. 

S.  Development of new alloys for Thixomolding and TTMP.  The AJ, ZK60 and AM-Lite 
alloys have all been Thixomolded and TTMP successfully, as were AZ50, AZ60, AZ61, AZ62, 
AZ63, AZ64, AZ55, ZA64, ZA75, ZA84 and ZA10/4 (Table V).  Thixoblending of different 
alloy granules (the “paint store concept”) was utilized in composing some of these alloys. 

Based on Dead Sea Magnesium experience, two new patented alloy compositions were 
developed; AM70L-TH for improved ductility and AXJ810 for improved creep resistance [40] 
(see Table XIV).  A special technique was used in order to produce alloys with low Mn content.   
     
 Table XIV. Chemical compositions of Dead Sea Magnesium alloys for Thixomolding 

 
Compared to AZ91D, the lower Al and Mn contents of AZ70L-TH reduce the volume % of 
coarse β and Mn/Al particles, thus boosting ductility.  AXJ810 is fortified by Ca addition 

Alloy Al  Zn Mn Ca Sr Si Cu Ni  Fe Be 
AZ70L-TH 7.4 0.47 0.20 - - 0.003 0.001 0.001 0.003 0.001 

AXJ810-TH 8.0 - 0.20 1.02 0.31 0.01 0.001 0.001 0.003 - 

Thixomolded Preform 

Forged in one step 

Finished Wheel 
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wherein  Ca segregates to dislocations and grain boundaries due to the odd atomic size misfit of 
+ 23% and chemical misfit (electronegativity) of -17% compared to the Mg matrix. This 
imposes a drag on dislocation motion and grain boundary migration, thus retarding creep. The 
Ca addition also introduces thermally stable Laves phase, C36 or C15, depending on 
temperature -  particles that have a role in grain refinement and reduced texture [35,36]- quoting 
–“In AJX810, TTMP and heat treatment are highly effective for producing material with a low 
degree of texture and fine grain size….. particles play a critical role in texture randomization.”.  
These particles are especially effective in retarding grain growth during TTMP and heat 
treatment since their solution temperature is higher than the  β solvus.  Ca additions also 
promote prismatic slip to increase ductility and formability.  
 
Being odder (+34% in size and -17% in electronegativity) but less soluble than Ca, Sr also 
segregates to impose drag; but also, introduces Mg17Sr2 particles.  The room temperature 
properties of these DSM alloys as-Thixomolded are listed in Table XV.  Fatigue, corrosion and 
corrosion fatigue are outstanding. 

Table XV. Room Temperature Properties of DSM TH Alloys As-Thixomolded 
Property AZ70L-TH AXJ810L-TH 

Tensile Yield Strength, MPA 135-145 155-165 
Ultimate Tensile Strength, MPa 265-275 250-260 
Elongation in 50 mm, % 13-17 7-9 
Ultimate Shear Strength, MPa 160-170 165-175 
Rotating Beam Fatigue Strength (R=-1) at 108 cycles in 
air 

150-160 155-165 

Rotating Beam Fatigue Strength (R=-1) at 108  cycles in 
3.5 % NaCl environment 

80-85 95-100 

Corrosion Rate over 200 hr salt spray, mcd 00.06-0.09 0.06-0.09 

Both alloys responded well to TTMP  (Table XVI). AXJ810-TH exhibits superior creep 
strength  (Table XVII) [20]. 

Table XVI. Room Temperature Tensile Properties of TTMP DSM Alloys 

Alloy Condition YS, MPa UTS, MPa El,% 

AZ70-TH TTMP+Anneal 246 336 15 

AXJ810-TH TTMP+Anneal 252 330 10 
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Table XVII. High Temperature Properties of AXJ810-TH 

Property Value 

Tensile Yield Strength at 150°C 115-125 MPA 

Ultimate Tensile Strength at 150°C 150-170 MPA 

Elongation at 150°C 15-20 % 

Creep Strain at 150°C, 50 MPa, 200 hr 0.15 % 

Creep Strain at 150°C, 70 MPa, 200 hr 0.35 % 

Creep Strain at 175°C, 50 MPa, 200 hr 0.39 

Minimum Creep Rate at 150°C, 50 MPa, 200 hr 9.8 1010 s-1 

Minimum Creep Rate at 150°C, 70 MPa, 200 hr 16.4 1010 s-1 

Minimum Creep Rate at 175°C, 50 MPa, 200 hr 15.7 1010 s-1 

 

T. Commercial Application of TTMP.  TTMP AM60 is now produced commercially by 
Thixomat for application in the DonJoy “nano ortho” orthopedic knee brace, the lightest on 
record at 14 oz (see Figure 14). 

 

 
 
Figure 14. Commercial DonJoy orthopedic knee brace with nanoMAG 
TTMP AM60 

U. Conclusions 

1. Thixomolding is an established and growing commercial process with application in the 

electronic/communication, automobile, sporting goods and hand-held tool markets. 

2. The advantages over conventional casting of Mg have been proven in cleanliness, safety, 

worker comfort, machine portability, longer die life and reduced scrap. 
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3. Thixomolding’s fine grain size, homogeneity and low porosity predestine effective 

thermomechanical processing (TTMP) to generate micron-sized grains, thus imparting 

increased tensile strength, toughness and fatigue strength. 
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